High connectivity and low potential for local adaptation have been common assumptions for 28 most marine species, given their usual high fecundity and dispersal capabilities. Recent genomic 29 studies however, have disclosed unprecedented levels of population subdivision in what were 30 previously presumed to be panmictic or nearly panmictic species. Here we analyzed neutral and 31 adaptive genetic variation at the whole-genome level in Atlantic herring (Clupea harengus L.) 32 spawning aggregations distributed across the reproductive range of the species in North America. 33
The environmental dataset used for these analyses consisted of sea surface temperature 302 (SST), sea bottom temperature (SBT), and sea surface salinity (SSS) for winter, spring, summer 303 and fall seasons, for a total of 12 oceanographic variables. These variables are relevant in 304 population structuring of numerous marine species in the NW Atlantic (Stanley et al., 2018) . were converted to an ASCII grid with a NAD83 projection (ellipse GRS80), they had a nominal 313 resolution of 1/12o (~5km 2 ), and a uniform land mask. Four seasonal bins, corresponding to 314 winter (January-February-March), spring (April-May-June), summer (July-August-September), 315
and fall (October-November-December), were averaged across 9 years in order to capture long-316 term trends of oceanographic variation. Data extraction for the 14 geo-referenced locations was 317 conducted using custom R scripts (Stanley et al., 2018) . Environmental data were standardized to 318 zero mean and unit variance in R for downstream analysis. Collinearity between environmental 319 variables was estimated with pairwise correlation coefficients computed with the function 320 pairs.panels of the R package psych (Revelle, 2018) (Fig. S11) , and with variance inflation was assessed with analysis of variance (ANOVA) using 1000 permutations. In order to estimate 335 the proportion of the genetic variance independently explained by environment, geographic 336 distance, or both, we performed variance partitioning using partial redundancy analysis (pRDA), 337 either conditioned on geographic distance (Cartesian coordinates) or selected environmental 338 variables, respectively. Cartesian coordinates of each location, equivalent to the pairwise least-339 cost geographic distance between locations accounting for land as barrier, were obtained with the 340 R function CartDist (Stanley & Jeffery, 2017) . Concordance between Cartesian and geographic 341 coordinates was assessed with a linear regression (Fig. S3) . 
Results

368
Sampling distribution and pool-sequencing 369
A total of 697 adult herring from 14 spawning aggregations distributed in and around 370
Newfoundland and Labrador, the Gulf of St. Lawrence, Scotian Shelf, Bay of Fundy, and Gulf of 371
Maine in the NW Atlantic were included in this study (Fig. 1A , Table 1 ). We aimed to include in 372 the same pool only DNA from "ready-to-spawn" and "actively spawning" individuals collected ) ranged between 0.012 and 0.043, 406 indicating low levels of genetic structure among the 14 spawning aggregations studied (Fig. 1C,  407 pairwise F ST values in Table S2 ). Nevertheless, three clear patterns of subtle genetic 408 differentiation were noticeable: i) between spring and fall spawners (SIL-S, SPH-S, NTS-S, vs. Fig. 2A) , were confined to a particular region within a scaffold (around 50-500 Kbp) and 480 spanned a given set of genes (Fig. S6) . In contrast, latitude-related outliers showed similar 481 significance values (-log 10 P-value ~15) (Fig. 2C) , were widely spread along scaffolds (covering 482 between 480 Kbp to 4.75 Mbp) and spanned numerous genes (Fig. S7) latitudinal divergence, respectively, were annotated with respect to a neighboring gene (within 511 5Kbp). For both cases, the majority of outlier SNPs were located within introns and intergenic 512 regions, or 5Kbp upstream or downstream of genes (Fig. 3A) . A small number of outlier SNPs 513 were predicted as synonymous (~2%) or missense variants (1,6% and 0.9%, for spawning-and 514 latitude-related outliers, respectively). 515
Excluding intergenic variants and genes that did not correspond to an orthologous gene in 516 zebrafish, a list of 298 and 182 genes associated with seasonal reproduction and latitudinal 517 divergence in herring, respectively, resulted from the annotated outlier loci. For seasonal 518 reproduction-related genes, 126 had a GO term in the biological process category, 109 in the 519 cellular component category, and 120 in the molecular function category (Fig. S10A) . For 520 latitude-related genes, 90 had a GO term in the biological process category, 72 in the cellular 521 component category, and 80 in the molecular function category; considered together, close to half 522 of the genes lacked GO classification. A comprehensive description of particular functions within 523 the three GO categories and the number of genes in each of them is presented in Fig. S10B ).
24
The overrepresentation enrichment analysis (ORA) of both sets of candidate genes did not 525 reach statistical significance (FDR of 5%) (Table S3 and S4), likely due to the large number of 526 genes lacking GO annotation (Fig. S10) . However, a closer examination of the top GO terms with 527 P-value < 0.05 (ranked in ascending P-values from ORA, Table S3 and S4, GO terms indicated  528 with an asterisk), suggested that seasonal reproduction-related candidate genes may participate in 529 biological processes such as metabolism of lipids, cell adhesion, biosynthesis of cellular 530 products, peptidyl-aminoacid modification, protein complex biogenesis, inositol lipid-mediated 531 signaling, developmental maturation, regulation of developmental process, and cellular 532 component organization (Fig. 3B-top , Table S3 ). These genes might primarily act in cellular 533 components such the endoplasmic reticulum and the whole membrane (Fig. 3B-middle) and play 534 a molecular function related to cell adhesion molecule and protein binding and lipid transporter 535 and transferase activities (Fig. 3B-bottom) . The top GO terms of candidate genes associated with 536 latitudinal divergence were all involved in embryological and organ development processes (Fig.  537 3C-top, Table S4 ). These genes might act in cellular components such phosphatase complex, 538 collagen trimer, and in the extracellular region (Fig. 3C-middle) , and participate in sulfur 539 compound binding and hydrolase and isomerase activities (Fig. 3C-bottom) . 540 541
Genome-Environment Association analysis 542
Collinearity among several of the environmental variables examined and redundancy 543 analyses (See Supporting Information) allowed us to reduce the environmental data set to just 544 three variables: summer SBT, winter SST, and spring SSS. RDA indicated that winter SST 545 (Win_SST) (Fig. 4A) was the environmental variable that best explained the genetic variance of 546 outlier loci exhibiting the latitudinal cline (F = 16.7, p = 0.001, from ordistep function) (Fig. 4B) .
No other temperature or salinity variable in the reduced environmental dataset was significant 548 (from ANOVA with 1000 permutations, significance value = 0.05). Spawning aggregations were 549 separated according to Win_SST on RDA axis 1, which explained 58.1% of the total genetic 550 variance (R 2 = 0.58, adjusted R 2 = 0.55). pRDA however, showed that the Win_SST-based RDA 551 model was no longer significant when the effect of geographic distance between sites was 552 removed from the model. A variance partitioning analysis revealed that the interaction between 553 environment and geographic distance explained the greatest proportion of clinal genetic variation 554 (44.9%). 555
556
In agreement with RDA results, RF regressions also indicated that Win_SST was the most 557 important environmental variable (MDA = 23.5), followed by Fall_SST (MDA = 21.8) (Fig. 4C) . 558
The other temperature variables had lower importance (MDA < 10), and salinity measures were 559 the least important of all (MDA < 5). ME4-F, the southernmost spawning aggregation sampled, 560 exhibited the highest mean square error (MSE = 0.21), followed by SCB-F and MUS-F (MSE ~ 561 0.05), whereas the other 10 collections had lower MSE, below 0.03 (Fig. 4D) . 562 563 A closer examination of the map of the NW Atlantic depicting average Win_SST over the 564 last 9 years and the predominant population allele frequency of the 14 sites studied (Fig. 4A) , 565 revealed that herring in "northern" collections in the Bay of Fundy, the Gulf of St. Lawrence, and 566
Newfoundland and Labrador were characterized by being exposed to temperatures below zero (-2 567 ºC), whereas in "southern" collections they were mainly exposed to temperatures above zero (>2 568 ºC). 569 and genetic distances for all loci across the genome (R 2 = 0.04), whereas there is a significant 573 linear relationship (R 2 = 0.30) between geographic distance and genetic differentiation when only 574 looking at outlier SNPs exhibiting the latitudinal break in population allele frequencies between 575 northern and southern collections (Fig. 5) . 576 577 578 Discussion 579
Here we described patterns of genetic variation at the whole-genome level in Atlantic 580 herring populations distributed across the reproductive range of the species in North America. 581
This study represents the most comprehensive assessment of this kind in the region to date. We 582 uncovered fine-scale population structure at outlier loci putatively under selection, despite low 583 differentiation at selectively neutral loci. This observation is consistent with previous genetic 584 work on herring in both, the NE (Guo et al., 2016; Lamichhaney et al., 2012; Limborg et al., 585 effect of genetic drift explain the low genetic differentiation observed at neutral loci (Palumbi, 589 1994). These conditions also favor the more efficient action of natural selection, which seems to 590 be behind the genetic differences observed at outlier loci. with particular hydrographic features (Sinclair, 1988; Sinclair & Iles, 1989) . While our data 746 agrees with most of this, the presence of numerous putative hybrids suggests that gene flow may 747 be more extensive than expected under this model and they are viable. In the dynamic balance 748 population concept there is significant gene flow, no stable population structure, no fixed 749 spawning time, no philopatry, no larval retention areas, as populations respond to changing 750 environmental conditions (Smith & Jamieson, 1986) . The temporal and spatial structuring we 
